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ABSTRACT 


Tests  were  conducted  to  determine  the  rate  of 
fatigue  crack  growth  in  terms  of  the  applied  stress  and 
current  crack  length  in  mild  steel  sheet  subjected  to 
cyclic  bending  stresses,  which  were  induced  by  resonant 
vibration.  It  was  found  that  the  rate  of  extension  was 
proportional  to  the  fourth  power  of  the  range  of  applied 
stress  and  was  influenced  by  the  value  of  the  mean  stress. 
It  was  also  found  that,  for  constant  stress  cycles,  the 
rate  of  crack  propagation  was  a  constant;  this  was  in 
agreement  with  the  Weibull  theory  of  crack  propagation. 

As  a  consequence  of  the  tests  it  was  found  that  a 
fatigue  crack  did  not  appreciably  reduce  the  resonant 
frequency  of  the  test  beams  until  the  crack  had  progressed 
most  of  the  way  across  the  specimen. 
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GENERAL  PLAN  OF  THE  THESIS 


In  Chapter  I  an  introduction  to  the  phenomena  of  fa¬ 
tigue  and,  in  particular,  fatigue  crack  propagation  is  given* 
The  aims  of  the  thesis  are  stated,  together  with  some  remarks 
which  attempted  to  justify  the  investigation. 

In  Chapter  II  a  model  is  presented  which  illustrates 
the  qualitative  aspects  of  fatigue  crack  growth.  This  is 
followed  by  a  discussion  of  the  existing  theory  of  crack 
propagation.  The  possible  application  of  this  theory  to  the 
present  problem  is  discussed. 

Chapter  III  presents  the  details  of  the  experimental 
methods  employed  in  the  investigation.  Included  are  discus¬ 
sions  of  the  apparatus,  preparation  of  the  test  specimens, 
means  of  measuring  crack  length  and  determination  of  the 
stress  levels. 

Results  of  the  various  tests  carried  out  are  given 
in  Chapter  IV  and  a  comparison  of  measured  rate  of  crack 
propagation  with  that  predicted  by  theory  is  made.  Included 
are  various  observations  made  during  the  testing  program. 

In  Chapter  V  conclusions  are  presented  and  possible 
practical  applications  of  the  findings  are  discussed.  Also 
included  are  recommendations  for  further  research. 

Appendix  A  discusses  fatigue  crack  propagation  where 
the  specimen  is  subjected  to  a  discrete  change  in  the  ap¬ 
plied  stress  level  at  some  time  during  the  test.  Appendix 
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B  includes  a  graph  showing  the  measured  decrease  in  natural 
frequency  caused  by  a  propagating  crack.  Details  of  the  test 
equipment  are  presented  in  Appendix  C. 
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CHAPTER  I 


INTRODUCTION 

1.1  Introduction  to  the  Problem 

The  propagation  of  fatigue  cracks  did  not  engage  the 
interest  of  scientists  and  engineers  until  relatively  recent¬ 
ly,  although  the  phenomenon  of  failure  by  fatigue  was  recog¬ 
nized  as  early  as  1839  (l).*  Early  investigators  were  con¬ 
cerned  with  the  number  of  loading  cycles,  at  a  given  stress 
level,  necessary  to  cause  complete  failure  in  a  machine  part 
or  test  specimen.  No  attempt  was  made  to  separate  the  prob¬ 
lem  of  fatigue  failure  into  the  crack  propagation  phase  and 
the  crack  initiation  phase;  this  step  is  vital  to  gaining  an 
understanding  of  the  complete  problem.  Early  tests  were  also 
conducted  to  find  the  level  of  stress  to  which  a  member  could 
be  subjected  for  any  number  of  cycles  without  failure. 

With  advances  in  technology  and  in  particular  the  in¬ 
troduction  of  the  aircraft,  the  commonly  used  high  factors 
of  safety  became  unacceptable  in  many  applications.  Use  of 
reduced  safety  factors  increased  the  possibility  of  fatigue 
damage  and  led  to  the  development  of  the  "f ail-safe "  design 
concept  in  the  aircraft  industry.  The  development  of  the 
fail-safe  design  concept  has  been  primarily  responsible  for 

Numbers  in  brackets  denote  references  contained  in  the 
Bibliography . 
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the  recent  increase  in  interest  in  fatigue  crack  propaga¬ 
tion® 


1,2  Aim  of  the  Thesis 

Of  the  two  phases  of  fatigue  failure,  this  thesis 
is  concerned  with  the  crack  propagation  phase.  The  aim 
is  to  determine  the  rate  of  fatigue  crack  propagation  in 
mild  steel  test  specimens  and  to  compare  the  experimental 
results  with  existing  theory.  The  thesis  is  concerned  with 
fatigue  cracks  caused  by  cyclic  bending  stresses  and  by 
combined  cyclic  bending  stresses  and  static  axial  stress¬ 
es. 

The  problem  under  consideration  is  representative 
of  the  case  of  sheet  material  subjected  to  resonant  vibra¬ 
tion,  such  as  might  be  encountered  in  aircraft  or  in  space 
vehicles . 

It  is  in  these  same  applications  that  the  case  of 
the  superimposed  axial  stress  will  be  found;  for  example, 
in  the  prestressed  outer  skin  of  an  aircraft.  A  second 
example  is  in  blading  for  turbines  or  compressors.  In 
nearly  all  applications  of  this  type  this  axial  stress  will 
be  tensile  since  thin  metal  sheet  can  buckle  under  low  com¬ 
pressive  loading. 

For  all  of  the  tests  carried  out  for  this  thesis 
cracks  were  induced  by  cyclic  bending  stresses.  In  most  of 
the  recent  work  the  practice  has  been  to  subject  test  spec¬ 
imens  to  axial  loading  only.  There  are  many  cases,  however, 


5 

in  which  bending  will  be  more  representative  of  the  actual 
situation,  particularly  where  members  are  subjected  to 
resonant  vibration* 

It  should  be  pointed  out  that  only  the  macroscopic 
aspects  of  fatigue  crack  growth  were  investigated.  The 
microscopic  aspect  of  fatigue  is  a  complex  problem  in 
itself  and  is  beyond  the  scope  of  this  thesis. 

1.3  Historical  Review 

Fatigue  failure  of  metals  was  recognized  as  early 
as  1839  by  Poncelet  (l)  who  first  introduced  the  term 
"fatigue".  At  this  time  it  was  commonly  believed  that 
fatigue  damage  occurred  due  to  a  recrystallization  of  the 
metal  when  subjected  to  shock  and  vibration.  The  first 
extensive  investigations  of  fatigue  failure  were  carried 
out  by  Wohler  (l)  who  studied  fatigue  due  to  bending,  axial 
loading,  torsion  and  combined  states  of  stress.  These  stud¬ 
ies  were  carried  out  over  a  period  from  about  1850  to  1870. 
However,  there  was  apparently  little  interest  in  the  study 
of  fatigue  crack  propagation  until  1927  when  Moore  (2)  meas¬ 
ured  crack  growth  in  cylindrical  test  specimens  subjected  to 
rotary  bending. 

In  1936,  de  Forest  (3)  recognized  the  necessity  of 
separating  the  problem  of  failure  by  fatigue  into  the  crack 
initiation  and  crack  propagation  phases.  De  Forest  measured 
the  rate  of  crack  propagation  in  cylindrical  steel  specimens 


. 

.  » 

•  ir.lb.v  d 


6 


having  various  surface  finishes  and  subjected  to  rotary 
bending.  It  was  found  that,  for  a  given  loading,  crack 
initiation  was  essentially  a  function  of  surface  condition, 
while  crack  propagation  was  independent  of  surface  condi¬ 
tion. 

Orowan  (4)  in  1939  assumed  that  the  stress  distribu¬ 
tion  in  any  material  was  not  completely  homogeneous  due  to 
the  presence  of  micro  cracks,  flaws  and  structural  inhomo¬ 
geneities.  These  cause  stress  concentration  effects  which, 
if  of  sufficient  magnitude,  lead  to  progressive  work  hard¬ 
ening  and  eventually  to  local  fracture,  thereby  initiating 
a  crack.  He  suggested  that  the  fatigue  crack  propagates 
in  the  same  manner,  with  the  stress  concentration  effect 
provided  by  the  existing  crack.  Contrary  to  some  other 
findings,  his  theory  predicted  that  the  rate  of  crack  prop¬ 
agation  was  dependent  on  stress  range  only.  (The  range  of 
stress  refers  to  the  magnitude  of  the  difference  between 
the  maximum  and  minimum  stresses  in  a  loading  cycle). 

In  1946,  Bennett  (5)  measured  crack  growth  rates  in 
cylindrical  steel  specimens  in  rotary  bending  and  found 
that  the  crack  length  increased  exponent ially  with  the 
number  of  loading  cycles.  Although  this  was  in  agreement 
with  a  later  theory  (10),  these  measurements  could  not  be 
regarded  as  substantiation  of  the  theory  because  of  the 
complexity  of  the  stress  distribution. 

Head  (6)  in  1953  analyzed  fatigue  crack  propagation 
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with  the  use  of  a  model  which  was  essentially  the  same  as 
that  proposed  by  Orowan  (4)*  An  expression  was  obtained  for 
the  rate  of  crack  extension  in  terms  of  the  current  crack 
length,  applied  stress,  material  properties  and  the  size  of 
the  plastic  zone  at  the  crack  tip.  It  was  assumed  that  the 
size  of  this  zone  remained  constant  as  the  crack  extended. 

Weibull  (7,8)  in  investigations  in  1954  and  1956, 
attempted  to  account  for  the  increase  in  applied  stress 
caused  by  a  fatigue  crack,  under  axial  loading  conditions, 
by  assuming  that  the  stress  increased  in  proportion  to  the 
decrease  in  net  area.  He  conducted  tests  in  which  the 
applied  load  was  continuously  reduced  such  that  the  applied 
stress  was  constant.  The  corresponding  rate  of  crack  growth 
was  found  to  be  constant.  Some  doubt  has  been  expressed  (10) 
concerning  the  validity  of  Weibull1 s  assumed  increase  in 
stress. 

In  1956,  Frost  and  Phillips  (9)  found  that  non-prop¬ 
agating  cracks  could  be  formed  in  specimens  of  mild  steel 
and  aluminum  stressed  below  the  endurance  limit  of  the 
material . 

Frost  and  Dugdale  (10)  in  experiments  in  1958  found 
that  the  size  of  the  plastic  region  at  the  tip  of  a  propaga¬ 
ting  crack  in  mild  steel  was  proportional  to  the  current 
length  of  crack  for  crack  lengths  of  up  to  at  least  one 
quarter  of  the  gross  section  width.  Their  measurements 
indicated  that  the  rate  of  crack  propagation  in  mild  steel 
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was  independent  of  the  applied  mean  stress,  being  a  func¬ 
tion  of  the  stress  range  only.  For  aluminum  they  found 
that  the  rate  of  extension  was  influenced  by  both  mean 
stress  and  stress  range. 

Liu  (ll)  in  1961  developed  an  expression  for  the 
rate  of  crack  propagation  in  thin  sheet  using  a  dimen¬ 
sional  analysis  procedure.  The  same  relation  had  been 
suggested  earlier  by  Frost  and  Dugdale  (10),  but  was 
presented  without  proof.  Taking  measurements  of  the  rate 
of  crack  extension  in  sheets  of  2024-T3  aluminum  alloy 
under  axial  loading,  Liu  determined  the  dependence  of  the 
rate  of  growth  on  stress  range  and  mean  stress.  In  a 
theoretical  investigation  in  19&3  Liu  (12),  assuming  that 
a  critical  amount  of  hysteresis  energy  absorption  is  the 
criterion  for  crack  extension,  found  the  rate  of  crack 
propagation  was  proportional  to  the  square  of  the  stress 
rangeo  However  in  a  discussion  of  this  paper,  Paris  and 
Erdogan  (13)  suggested  that  the  index  could  be  three  or 
four  based  on  actual  measurements. 

Working  with  aluminum  alloys,  Hudson  and  Hardrath 
(14)  in  1963,  found  measurable  increases  in  crack  length 
under  single  loading  cycles  which  were  representative  of 
gust  loadings  on  aircraft  structures  and  that  in  these 
cycles  the  peak  stress  had  a  greater  influence  on  the 
amount  of  growth  than  did  the  stress  amplitude.  In  an 
investigation  in  19&1,  Hudson  and  Hardrath  (15)  measured 
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crack  growth  in  axially  loaded  aluminum  sheet.  Tests  were 
run  to  determine  the  effect  of  a  non-constant  stress  level 
by  varying  the  applied  load  at  some  time  during  the  life  of 
a  specimen.  It  was  found  that  significant  delays  in  crack 
extension  occurred  when  the  change  in  the  applied  stress  was 
from  a  high  to  a  low  value. 

In  discussing  (16),  Hardrath  pointed  out  that  this 
delay  only  occurred  when  the  increment  of  stress  was  suffi¬ 
ciently  large. 

Weibull  ( 1 6 ) ,  1963,  found  three  stages  in  the  propaga¬ 
tion  of  a  fatigue  crack  under  axial  loading,  corresponding  to 
different  modes  of  failure;  namely,  tension,  single  shear  and 
double  shear.  He  noted  that  the  parameters  which  influence 
the  rate  of  growth  may  be  different  in  each  of  the  modes  and 
it  is  therefore  necessary  to  know  the  particular  mode  of  fail 
ure  when  comparing  various  measurements  of  crack  propagation, 

1.4  General  Remarks  on  Fatigue 

Before  proceeding  with  a  description  of  the  mechanism 
of  fatigue  crack  propagation,  it  will  be  of  interest  to  dis¬ 
cuss  some  of  the  factors  which  are  commonly  accepted  as  influ 
encing  fatigue  crack  initiation  and/or  propagation. 

Fatigue  failure  is  produced  by  progressive  fracture 
leading  from  points  of  high  stress  concentration  or  from 
points  of  weakness  in  the  material  when  the  applied  fluc¬ 
tuating  stress  is  of  sufficient  magnitude. 
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Examination  of  test  specimens  with  an  electron 
microscope  has  shown  that  in  the  early  stages  of  loading 
inelastic  action  occurs,  resulting  in  permanent  slip  lines 
(17 ) •  Continued  loading  causes  voids  of  microscopic  mag¬ 
nitude  to  be  developed.  These  voids  gradually  grow  and  join 
together  to  form  a  microscopic  crack,  often  quite  early  in 
the  life  of  the  specimen.  Under  continued  cyclic  loading 
this  microscopic  crack  can  grow  to  eventually  cause  catas¬ 
trophic  failure. 

Once  formed,  a  fatigue  crack  propagates  in  a  direction 
which  is  generally  normal  to  the  direction  of  the  maximum 
applied  tensile  stress,  although  it  may  deviate  locally 
around  regions  of  high  strength.  The  propagation  is  usually 
t ransgranular .  Since  the  initiation,  and  possibly  the  prop¬ 
agation,  of  fatigue  cracks  is  influenced  by  local  weaknesses 
in  the  metal,  it  is  not  surprising  that  a  wide  variation  in 
fatigue  properties  can  be  obtained  from  tests  of  apparently 
identical  specimens.  This  introduces  the  necessity  of  using 
statistical  methods  when  analyzing  results  of  fatigue  tests 
with  the  aim  of  determing  fatigue  characteristics. 

Some  of  the  more  important  factors  which  influence 
the  fatigue  strength  of  a  metal  part  ares 

(a)  inhomogeneity  in  the  metal 

(b)  size  of  member 

(c)  shape  of  member 

(d)  speed  of  testing 

(e) 


surface  finish 
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(f)  temperature  and  humidity 

(g)  residual  stresses. 

Probably  the  most  important  of  these  factors  from  an 
engineering  view  point  is  (c).  Variations  in  shape,  holes, 
fillets,  keysways,  etc.  can  introduce  large  stress  concentra¬ 
tions  in  a  part,  greatly  increasing  the  susceptibility  to 
fatigue  crack  initiation. 

It  has  been  noted  (Section  1.2)  that  the  surface 
finish  can  have  an  important  effect  on  crack  initiation  but 
does  not  normally  influence  propagation.  Surface  roughness 
can  cause  a  significant  stress  concentration  effect,  leading 
to  initiation  of  a  crack.  Once  initiated,  however,  the  crack 
propagates  due  to  the  large  stress  concentration  at  the  tip 
of  the  crack  and  is  apparently  not  influenced  by  small 
surface  irregularities. 

The  effect  of  the  rate  of  testing  on  the  fatigue 
strength  of  a  test  specimen  has  been  investigated  and, 
although  there  is  some  disagreement,  it  was  suggested  by 
Marin  (17)  that  there  is  little  effect  in  the  range  from 
3  to  100  c.p.s.  Lachenaud  (19)  found  that  the  rate  of  crack 
growth  increased  rapidly  in  changing  the  test  frequency  from 
30  c.p.s.  to  l/3  c.p.s. 

With  regard  to  (b),  there  is  some  agreement  that  an 
increase  in  the  size  of  a  member,  all  other  parameters  being 
constant,  will  cause  a  decrease  in  fatigue  strength  (17). 

This  can  be  explained  on  the  basis  of  a  larger  specimen  con¬ 
taining  more  points  of  weakness  at  which  a  crack  might  be 


initiated . 
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CHAPTER  II 


MECHANISM  OF  FATIGUE  CRACK  PROPAGATION 

2.1  Orowan  Model 

In  order  to  illustrate  the  mechanism  of  fatigue 
crack  propagation  it  is  convenient  to  employ  a  mechanical 
model  of  an  idealized  material  which  is  composed  of  a 
homogeneous  elastic  region  surrounding  a  homogeneous  plas¬ 
tic  region.  For  a  fixed  load  applied  to  a  specimen  of  this 
material,  the  stress  in  this  plastic  zone  depends  on  the 
amount  of  plastic  strain  in  the  zone.  This  situation  arises 
since  plastic  deformation  of  this  element  causes  an  increase 
in  elastic  strain  (and  consequently  stress)  in  the  surround¬ 
ing  elastic  medium.  Because  of  the  increased  stress  in  the 
elastic  region,  there  must  be  a  decrease  in  the  stress  in 
the  plastic  element,  since  the  total  load  remains  constant. 

The  above  characteristics  are  contained  in  the  mechan¬ 
ical  model  of  this  material  as  shown  in  Figure  2.1,  In  the 
model  the  plastic  element  marked  A  represents  the  plastic 
zone  in  the  material  while  the  two  springs  of  constant  K 
represent  the  surrounding  elastic  material.  The  spring  of 
constant  k  represents  the  constraint  of  the  surrounding 
elastic  material  on  the  plastic  element. 

For  any  total  load  P  there  is  an  elongation  of 
the  system  which  remains  unaltered  regardless  of  how  much 
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Figure  2. 


Figure  2.2 


Stress-Strain  State  in  Plastic  Element 
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A  yields  since  K  If  the  load  in  A  is  T  and  the 

elongation  is  &  ,  then 

T  =  k  ( A  -  <T)  .  (a) 

Thus  if  no  yielding  occurs  in  the  plastic  element  the 
load  in  it  is  k  A  (Point  B  in  Figure  2.2).  If  the  element 
yields  freely  (T  *=  0  and  5"  =A  )  point  C  represents  the 
"stress-strain"  state  in  the  element  after  loading.  Since 
T  is  a  linear  function  of  S'  the  line  BC  in  Figure  2.2  re¬ 
presents  the  state  of  stress  in  the  plastic  element  for 
an  intermediate  amount  of  yielding.  The  position  of  the 
line  BC  is  a  function  of  the  applied  load,  but  the  slope 
is  influenced  by  material  properties. 

When  the  elastic  material  containing  the  plastic 
element  is  loaded  the  stress-strain  state  in  the  element 
follows  the  curve  OQ,  which  is  a  segment  of  the  stress- 
strain  diagram  for  the  material  in  that  element.  The 
intersection  of  BC  and  the  stress-strain  curve  represents 
the  state  of  stress  in  the  plastic  element  under  the  ap¬ 
plied  load  P. 

With  the  aid  of  the  foregoing  model  the  response 
to  cyclic  loading  of  a  specimen  containing  a  fatigue  crack 
will  now  be  considered.  In  this  situation  the  plastic 
element  is  caused  by  high  stresses  in  the  region  of  the 
crack  tip. 

Figure  2.3  shows  the  response  of  the  idealized 
material  to  completely  reversed  cyclic  loading  (i.e. 
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Figure  2.3*  Increase  in  Stress  in  Plastic  Element  under 

Cyclic  Loading, 

mean  stress  is  zero).  The  line  BC  is  the  same  as  that 
shown  in  Figure  2.2  while  B/'C/  is  the  same  line  for  compres¬ 
sive  loading.  During  the  first  half  cycle  of  loading,  which 
is  assumed  to  be  tensile,  the  stress  rises  to  Q  in  the  same 
manner  as  in  Figure  2.2.  When  the  load  reverses  direction, 
the  stress-strain  state  in  the  plastic  element  follows  the 
path  QPtj'.  The  portion  Pt/  of  this  curve  is  the  appropriate 
portion  of  the  stress-strain  curve  OQP  which  lies  to  the 
right  of  Qi  Under  the  next  load  reversal  the  stress  reaches 
Q#/ .  In  this  way  the  stress  eventually  becomes  equal  to  the 


value  at  B,  say 
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The  stress  %  represents  the  full  concentration  of 
stress  at  the  crack  tip;  that  is,  %  is  equal  to  the  stress 
concentration  factor  for  the  crack  multiplied  by  the  nominal 
stress.  If  the  magnitude  of  \  is  greater  than  the  fracture 
stress  of  the  material  in  the  plastic  region,  fracture  of 
some  of  the  material  will  occur  and  the  process  will  be 
repeated • 

Orowan*  s  model  is  in  agreement  with  the  generally 
accepted  theory  that  crack  growth  takes  place  through  pro¬ 
gressive  work  hardening  and  eventual  fracture  of  the  material 
near  the  tip  of  the  existing  crack.  The  model  indicates  that 
a  fatigue  crack  extends  in  a  series  of  steps  rather  than  in 
a  continuous  manner  (i.e®  rather  than  extending  a  finite 
amount  under  each  loading  cycle)  unless  the  applied  nominal 
stress  is  sufficiently  large.  If  this  stress  is  of  suffi¬ 
cient  magnitude  the  stress  at  point  Q  (  or  at  Q/  )  in  Figure 
2.3  could  be  in  excess  of  the  fracture  stress. 

In  support  of  this  last  point,  Hudson  and  Hardrath 
(14)  found  measurable  increases  in  crack  length  in  axially 
loaded  aluminum  sheet  under  single  loading  cycles.  However, 
in  other  tests  average  rates  of  extension  of  the  order  of 
one  atom  per  stress  cycle  have  been  observed.  It  does  not 
seem  likely  that  the  propagation  would  be  continuous  at 
this  rate  of  growth.  The  possible  consequences  of  the  crack 
propagating  in  a  discontinuous  manner  are  not  fully  under¬ 
stood  ,  but  this  might  introduce  some  error  into  present 
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theories  which  assume  the  process  is  continuous. 

It  should  be  noted  that  a  material  which  exhibits  a 
Bauschinger  effect  will  not  respond  to  reversed  cyclic  load¬ 
ing  exactly  as  indicated  by  Figure  2.3*  The  actual  stress- 
strain  path  followed  by  such  a  material  during  the  compres¬ 
sive  part  of  the  first  loading  cycle  will  lie  above  PQ . 
According  to  Orowan  the  Bauschinger  effect  tends  to  reduce 
the  rate  of  crack  propagation. 

2.2  Theory  of  Fatigue  Crack  Propagation 

2.2.1  Head  Theory 

Head  (6)  used  a  model  such  as  that  described  in 
Section  2.1  to  develop  a  quantitative  expression  for  the 
rate  of  crack  growth  in  terms  of  the  crack  geometry  and 
the  applied  stress.  Material  in  the  plastic  region  A  at 
the  crack  tip  was  assumed  to  be  rigid-plastic  work-hard¬ 
ening  and  the  size  of  the  zone  was  assumed  constant. 

Head  considered  the  response  of  a  typical  element  in  the 
plastic  region  to  cyclic  loading  and,  through  a  rather 
complicated  analysis,  found  that 

dL  =  C,  L  (b) 

dN  a  1/2 

where  "a"  was  the  width  of  the  plastic  region  and  C-^  was 
a  constant  which  contained  the  applied  stress  and  the 
material  stress-strain  properties.  It  was  assumed  in  the 
analysis  that  the  plate  was  of  infinite  width  and  that  the 


4  - 


■ 


18 


amplitude  of  the  nominal  stress  was  constant. 

In  attempting  to  justify  his  theory,  Head  used 
measurements  taken  by  Moore  (2),De  Forest  (3)  and  Bennett 
(5)  all  of  whom  measured  crack  growth  in  cylindrical 
specimens  in  rotary  bending.  Head  found  that  lfl/2  plot¬ 
ted  versus  N,  the  number  of  stress  cycles,  gave  straight 
lines,  as  predicted  by  his  analysis. 

It  can  not  be  concluded  that  these  measurements 
confirm  this  theory  as  the  region  of  the  crack  in  this 
configuration  is  subject  to  a  complicated  tri-axial 
stress  system.  Furthermore,  it  has  been  shown  that  the 
plastic  region  at  the  crack  tip  does  not  remain  constant 
in  size  (10).  If  Head^s  analysis  is  modified  with  the 
assumption  that  the  size  of  the  plastic  region  is  pro¬ 
portional  to  the  crack  length,  then  the  result  is  in 
partial  agreement  with  the  theory  described  in  the  next 
section.  The  parameter  Cj_is  a  rather  complicated  function 
of  the  applied  stress  and  does  not  appear  to  agree  with 
experimental  evidence  (10,13)  nor  with  other  theories  (12)0 

2.2.2  Frost  and  Dugdale  Theory 

It  was  suggested  by  Frost  and  Dugdale  (10)  that 

the  rate  of  crack  propagation  in  thin  sheet  material  is 

proportional  to  the  crack  length,  i.e.  that 

dL  =  C2  L  ( c ) 
dN 


. 
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in  which  the  factor  C2  is  a  constant  for  a  given  range  of 
stress  and  a  given  mean  stress.  This  assumed  that  the 
configuration  of  stress  and  strain  remained  geometrically 
similar  as  the  crack  propagated,  but  a  complete  proof  of 
the  expression  was  not  presented. 

However,  Liu  (ll)  obtained  the  same  expression  for 
the  rate  of  crack  propagation  in  a  semi-infinite  sheet 
using  a  dimensional  analysis  approach.  In  deriving  this 
expression  it  was  assumed  that  plane  stress  existed  and 
that  geometric  similarity  was  maintained  as  the  crack 
propagated®  This  latter  condition  is  satisfied  in  an 
infinite  plate  or  in  a  plate  whose  width  is  large  com¬ 
pared  with  the  crack  length  providing  the  applied  stress 
remains  constant® 

This  theory  predicts  that  the  rate  of  crack 
propagation  increases  with  increasing  crack  length  when 
the  applied  stress  is  constant.  This  would  mean  that 
the  stress  at  the  crack  tip  is  increasing,  i.e.  that 
there  is  an  increasing  stress  concentration  factor. 

Since  the  stress  concentration  factor  is  influenced  by 
the  length  of  the  crack,  this  could  in  fact  occur. 

It  was  suggested  by  Frost  and  Dugdale  that  the 

factor  C2  can  be  represented  by 

=n 


where  T  is  the  stress  amplitude®  The  value  of  n  is  a 
material  property,  while  N$  may  be  influenced  by  the 
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mean  stress.  On  the  basis  of  measurements  of  crack  growth 
in  aluminum  and  mild  steel,  Frost  and  Dugdale  found  n  =  3* 

Liu  (12)  suggested  that  n  =  2  based  on  a  theoretical 
analysis  (See  Section  1.4),  while  Paris  and  Erdogan  (18) 
suggested  n  =  4  based  on  experimental  evidence. 

2*2.3  Weibull  theory 

Weibull  (16)  argued  that  the  rate  of  fatigue  crack 
propagation  is  determined  by  the  applied  stress  based  on 
the  remaining  area,  regardless  of  the  existing  crack  length. 
That  is,  for  a  given  stress  amplitude  and  mean  stress,  the 
rate  of  crack  growth  is  constant. 

In  support  of  this  proposal,  Weibull  suggested  that 
the  stress  concentration  factor  at  the  crack  tip  in  an 
infinite  plate  can  be  represented  by 

Kt  =  1  +2(  L/  r  )'/2  (.»), 

where  r  is  the  radius  of  the  root  of  the  crack.  If  the 
ratio  ^/r  is  constant  and  the  nominal  applied  stress  is 
constant,  then  the  stress  at  the  crack  tip  will  be  constant. 
As  long  as  the  preceding  condition  exists,  it  is  reasonable 
that  the  rate  of  crack  propagation  should  not  vary. 

In  this  theory  it  was  also  suggested  that  the  rate 
of  crack  growth  is  influenced  by  the  specimen  width,  so 
that  the  basic  formula  for  crack  propagation  was  presented  as 

dx/dN  =  c3  (  rx  - Te  f  (f), 

where  and  0  are  material  constants,  x  is  crack  length  to 
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specimen  width  ratio,  V"  is  the  nominal  stress  amplitude, 
and  T  is  the  endurance  limit.  Weibull  found  that  the 
parameters  C^,  (3  and  in  this  equation  varied  with  a 
change  in  the  mode  of  failure  (See  Section  1.4)* 

There  is  some  evidence  to  support  WeibullTs  sug¬ 
gestion  that  the  radius  r  is  not  necessarily  a  material 
constant.  Frost  and  Phillips  (9)  observed  non-propaga¬ 
ting  cracks  in  mild  steel  and  aluminum  specimens  stressed 
below  their  endurance  limits.  Since  this  was  observed 
for  constant  stress  amplitudes,  the  stress  concentration 
factor  must  have  decreased  to  a  point  where  the  stress  at 
the  crack  tip  was  less  than  the  fracture  stress.  Based  on 
Equation  (e)  this  indicates  an  increasing  value  of  r. 

2.3  Application  of  Theory 

2,3*1  Crack  propagation  in  bending 

The  theories  in  Sections  2.2,1  and  2.2.2  were 
developed  under  the  assumption  that  a  plane  stress  con¬ 
dition  exists  in  the  region  of  a  propagating  crack,  a 
situation  which  would  likely  be  realized  in  thin  specimens 
subjected  to  axial  loading. 

However,  when  the  propagation  of  a  fatigue  crack 
is  caused  by  bending  stresses  it  is  less  likely  that  plane 
stress  conditions  will  be  approached.  Fibres  on  the  out¬ 
side  of  the  specimen  will  be  the  first  to  exceed  the  yield 
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stress  and  deform  plastically.  Not  only  will  this  defor¬ 
mation  be  constrained  by  surrounding  elastic  material,  but 
also  by  neighbouring  fibres,  i.e.  fibres  nearer  the  neutral 
axis.  This  constraint  will  induce  transverse  shearing 
stresses  which  may  alter  the  form  and/or  size  of  the  plastic 
region  at  the  crack  tip  as  compared  to  axial  loading  with  an 
equal  maximum  stress. 

In  addition  to  these  stresses,  there  will  be  trans¬ 
verse  shearing  stresses  due  to  the  nature  of  the  loading. 

It  is  not  known  whether  the  magnitude  of  these  stresses 
will  be  significant  when  compared  to  the  bending  stresses. 

It  follows  from  the  above  considerations  that  the 
crack  length  will  decrease  in  going  from  the  outside  surface 
toward  the  neutral  axis.  It  is  also  expected  that  cracks 
will  form  at  each  of  the  outside  surfaces  of  the  beam  and 
that  these  will  propagate  independently  of  each  other. 

2.3o2  Increasing  nominal  stress 

In  axially  loaded  test  specimens  subjected  to  a 
constant  load  amplitude  the  nominal  stress  range,  based 
on  the  net  remaining  area,  increases  as  the  crack  extends. 
However,  when  considering  a  theory  of  crack  propagation  it 
is  more  convenient  to  have  a  c on st an t  stress  range  in  order 
to  reduce  the  number  of  variables  involved.  For  this 
reason,  some  investigators  (10, 11)  used  wide  sheets  of 
material  and  measured  crack  growth  over  a  small  portion  of 
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the  total  width.  The  assumption  was  made  that  the  rela¬ 
tively  small  length  of  crack  did  not  influence  the  nominal 
stress  amplitude  at  the  test  section. 

Weibull  ( 16 )  disagreed  with  this  last  assumption. 
When  measuring  crack  growth  due  to  axial  loading  he  reduced 
the  amplitude  of  the  applied  load  such  that  the  stress 
based  on  the  remaining  area  was  constant. 

In  the  problem  under  consideration  in  this  thesis 
the  non-constant  nominal  stress  amplitude  arises  due  to 
changes  in  the  normal  mode  of  vibration  of  the  test  speci¬ 
mens.  The  existence  of  a  fatigue  crack  across  a  section 
will  decrease  the  stiffness  at  that  section  and  can  there¬ 
fore  be  expected  to  affect  the  nominal  stress  range,  as 
defined  in  terms  of  curvature  at  the  test  section.  An 
investigation  of  the  amount  of  this  effect  for  the  beam 
configurations  used  in  the  testing  program  is  presented 
in  Chapter  IV. 

2.4  Effect  of  Mean  Stress 

In  the  case  where  a  specimen  is  subjected  to  bend¬ 
ing  stresses  only,  the  average  stress  at  any  point  in  the 
member  over  a  cycle  of  loading  is  zero.  Should  the  member 
have  a  superimposed  axial  load  this  will  not  be  the  case 
and  some  change  in  the  crack  propagation  curve  (i.e.  crack 
length  vs  loading  cycles)  may  occur. 

This  can  be  shown  by  considering  a  test  specimen 
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under  a  constant  maximum  stress  but  with  an  increasing 
mean  stress.  In  the  limit,  as  the  mean  stress  becomes 
equal  to  the  maximum,  the  rate  of  crack  growth  must 
become  zero,  since  this  is  merely  static  loading  (providing 
the  static  loading  causes  a  stress  less  than  the  fracture 
stress).  On  the  other  hand,  for  a  given  mean  stress  with 
an  increasing  stress  range  the  rate  of  growth  will  eventu¬ 
ally  become  infinite.  Thus  it  is  reasonable  to  expect 
that  the  rate  of  crack  propagation  is  influenced  both  by 
mean  stress  and  stress  range.  It  follows,  for  a  given 
maximum  stress,  that  the  rate  of  propagation  is  reduced 
for  an  increase  in  mean  stress,  while  for  a  given  range 
of  stress  the  rate  of  growth  increases  with  an  increase  in 
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CHAPTER  III 


EXPERIMENTAL  PROCEDURE 


3.1  Test  Series  A 

The  first  phase  of  the  experimental  investigation 
was  the  determination  of  the  rate  of  fatigue  crack  extension 
in  mild  steel  sheet  for  various  ranges  of  applied  stress  with 
zero  mean  stress.  Test  specimens  were  cut  from  hot  rolled 
mild  steel  sheet  having  a  nominal  thickness  of  0.110  in. 
Specimen  configuration  and  method  of  clamping  are  shown  in 
Figure  3«1  and  Figure  3*2.  Properties  of  the  material, 
whose  ASTM  designation  is  A-242,  are  listed  in  Figure  3«3» 
Mechanical  properties  were  determined  from  a  series  of 
tensile  tests,  from  which  average  results  are  presented. 

Figure  3»4  shows  the  determination  of  the  elastic  modulus. 

All  edges  were  machined  and  the  stress  raisers  were 
cut  with  a  milling  cutter.  Roots  of  the  notches  which  had 
a  1/16  in.  radius,  were  inspected  visually  and,  when  necessary, 
buffed  lightly  to  obtain  a  smooth  contour.  The  fact  that  this 
procedure  may  not  have  ensured  completely  uniform  notches  was 
of  no  consequence  since  it  was  assumed  the  notch  had  no  in¬ 
fluence  on  the  crack  propagation  (3)»  The  surface  across 
which  the  crack  was  expected  to  propagate  was  polished  lightly 
with  a  dressed  wheel.  It  is  shown  by  de  Forest  (3)  that  this 
will  not  affect  the  crack  growth. 
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Figure  3*2 


Test  Specimen  and  Mounting  Jig  for  Series  A 
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Mechanical  properties  (measured): 

E  «  30  x  10^  psi 

IT  a  0.29 

Yield  stress  «  62,400  psi 

Ultimate  stress  *=  84,600  psi 

Fracture  stress  (tensile  test)  =  153,000  psi 

(Based  on  cross  section  at  failure) 

Chemical  composition:-* 


c  - 

0  0 12$ 

p  - 

0.05 

-  0.12$ 

s  - 

0.04$ 

max. 

Mn  - 

0.75$ 

Si  - 

0.20 

-  0.45$ 

Cu  - 

0.30 

-  0 . 60$ 

Cr  - 

0 

• 

O 

-  0.60$ 

Ni  - 

0.30 

-  0.60$ 

Figure  3»3*  Mechanical  Properties  and  Chemical  Composition 

of  Test  Steel 


*  Data  supplied  by  Steel  Company  of  Canada 
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Figure  3.4  Determination  of  Elastic  Modulus  for  Test  Material 
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The  extent  of  the  crack  at  any  time  was  easily  found 
with  the  use  of  a  glass  prism,  which  had  a  magnification  of 
five.  A  grid  scribed  on  the  prism  allowed  the  direct  measure¬ 
ment  of  crack  lengths  to  within  ^0.004  in.  In  any  case  in 
which  there  was  doubt  concerning  the  existence  or  length  of 
a  crack,  it  was  checked  using  a  dye-penetrant.*  Use  of 
these  methods:  required  interruption  of  the  loading  program 
to  measure  the  crack  length. 

Bending  stresses  were  induced  in  the  test  specimens 
by  vibrating  the  specimen  and  its  mounting  jig  at  the  low¬ 
est  resonant  frequency  of  the  beam  on  an  Unholt z-Dickie 
electrodynamic  shaker.  The  general  layout  of  the  test 
equipment  is  shown  in  Figure  3«5  and  details  of  the  shaker 
and  other  equipment  are  presented  in  Appendix  C. 

The  desired  stress  range  was  obtained  by  setting 
the  appropriate  amplitude  of  vibration  at  the  end  of  the 
test  specimen.  The  method  of  adjusting  this  amplitude  is 
discussed  in  Appendix  C,  A  calibration  curve  relating  the 
amplitude  of  vibration  of  the  end  of  the  specimen, S  ,  to 
the  applied  stress  range  is  shown  in  Figure  3*6.  This 
curve  was  determined  through  the  use  of  bonded  electrical 
resistance  strain  gauge#""  on  a  typical  test  specimen. 


*  Spot-Check  manufactured  by  Magnaflux  Corporation. 
Manufactured  by  Budd  Instruments,  type  C6-181-E. 
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Clamped  in  front  of,  but  isolated  from,  the  test 

specimen  was  a  piece  of  clear  lucite  on  which  a  grid  had 

been  scribed  as  shown  in  Figure  3,2.  During  a  test  the 

amplitude  of  the  specimen  was  observed  through  this  grid 

using  a  ground  glass  screen  on  the  back  of  a  4  in.  x  5  in. 

Graflex  camera.  The  grid  and  specimen  were  illuminated 

with  a  stroboscopic  light  system,  the  details  of  which  are 

discussed  in  Appendix  C.  The  smallest  increment  on  the 

scaled  grid  was  0.020  in.,  so  that  the  double  amplitude  of 

vibration  was  measured  to  within  ^0.020  in.  The  double 

amplitude  for  the  set  of  tests  was  never  less  than  0.50  in. 

so  that  the  maximum  error  in  this  quantity  was  less  than 
-  5  per  cent. 

Probably  the  greatest  disadvantage  in  this  arrange¬ 
ment  was  that  the  apparatus  required  constant  monitoring 
by  the  operator.  The  existence  of  a  fatigue  crack  caused 
changes  in  the  natural  frequency  of  vibration  (see  Appendix 
B)  and  consequently  in  the  amplitude,  so  that  the  shaker 
frequency  had  to  be  reduced  as  the  crack  progressed.  However, 
this  decrease  was  small  for  crack  lengths  of  less  than  half 
the  specimen  width,  thus  reducing  the  possiblility  of  error 
due  to  an  unobserved  change  in  amplitude. 

In  spite  of  these  disadvantages,  it  was  believed  that 
this  system  of  establishing  the  desired  stress  range  was 
superior  to  the  use  of  strain  gauges  since  this  system  was 
simpler  and  faster  to  use,  while  being  just  as  accurate. 
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Figure  3»5»  General  View  of  Test  Equipment 


Figure  3*6.  Calibration  Curve  for  Cantilever  Apparatus 
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The  number  of  loading  cycles  applied  were  recorded 
on  a  General  Radio  digital  frequency  meter  which  can  be 
seen  in  the  upper  right  hand  corner  of  Figure  3«5* 

No  correction  was  made  to  account  for  the  fact 
that  the  built-in  end  of  the  cantilever  was  vibrating, 
since  its  amplitude  was  always  less  than  0.010  in.  for 
these  tests.  The  shaker  table  displacement  was  determined 
from  an  accelerometer  mounted  on  the  armature  of  the  shaker 
(see  Appendix  C)  which  read  out  the  peak-to-peak  acceleration 
of  the  table. 

When  conducting  a  test,  the  specimen  was  subjected 
to  several  thousand  cycles  of  loading  (depending  on  the 
expected  rate  of  propagation)  and  then  the  loading  was 
interrupted  to  measure  the  crack  length  or  to  check  for 
the  initiation  of  a  crack.  This  procedure  did  not  allow 
accurate  measurement  of  the  number  of  cycles  to  initiation, 
but  this  was  of  no  consequence  since  it  was  the  rate  of 
crack  propagation  which  was  of  concern  in  the  investigation. 
The  method  used  to  establish  curves  of  crack  length  versus 
stress  cycles  was  believed  to  be  quite  accurate  for  L/b 
(ratio  of  crack  length  to  section  width)  between  0.10  and 
0.80. 


3.2  Test  Series  B 

Test  specimens  with  built-in  supports  were  used  to 
obtain  a  non-zero  mean  stress.  This  was  done  by  building 
a  jig  with  an  adjustable  span  length  as  shown  in  Figure  3.7. 
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Figure  3»7»  Test  Specimen  and  Mounting  Jig  for  Series  B 


Figure  3<,8  Specimen  Configuration  for  Series  B 
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Strain  gauges,  arranged  in  a  Wheatstone  bridge  circuit  to 
measure  direct  strains  only,  were  used  to  indicate  when  the 
desired  mean  stress  was  reached  and  to  monitor  this  stress 
throughout  the  test.  With  this  apparatus  it  was  possible 
to  obtain  mean  stresses  of  up  to  9,000  psi.  based  on  the 
reduced  area  of  the  test  section. 

Beams  vibrated  in  the  built-in  configuration  theo¬ 
retically  have  a  non-zero  mean  stress  even  when  no  static 
axial  load  is  applied  due  to  elongation  of  the  beam  in  the 
deflected  position.  Data  from  strain  gauges  applied  to 
test  specimens  indicated  this  stress  was  small;  certainly 
less  than  300  psi.  in  all  cases,  and  it  was  subsequently 
ignored . 

Test  beams  were  cut  from  the  same  material  as  those 
in  Section  3»1  and  prepared  in  the  same  manner,  except  for 
the  difference  in  shape  as  shown  in  Figure  3*8®  The  cali¬ 
bration  curve  relating  the  double  amplitude  of  the  beam 
centre  with  the  stress  range  is  shown  in  Figure  3®9° 

The  remaining  apparatus  and  the  test  procedure 
was  identical  with  that  in  Series  A. 


.  . 
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Figure  3*9  Calibration  Curve  for  Fixed-Ended  Apparatus 


CHAPTER  IV 


TEST  RESULTS  AND  DISCUSSION 

4.1  Results  of  Series  A 

In  order  to  interpret  the  results  it  was  necessary 
to  investigate  the  influence  of  an  existing  fatigue  crack 
on  the  mode  of  vibration  of  the  beam.  This  was  done  by 
instrumenting  a  test  specimen  with  bonded  electrical 
resistance  strain  gauges  to  measure  dynamic  bending  strains 
and  then  testing  the  specimen  in  the  usual  manner.  Any 
change  in  mode  shape  was  detected  by  a  change  in  the  strain 
amplitude.  It  was  found  that  the  curvature  at  the  test 
section  was  nearly  constant*  for  values  of  ^/b  up  to  0.5 
and  then  started  to  increase  as  shown  in  Figure  4*1.  (^/b 
is  the  ratio  of  total  crack  length  to  net  specimen  width 
at  the  test  section.) 

Results  of  tests  conducted  are  presented  in  Figures 
4.2,  4.3  and  4*4  and  the  curves  are  reproduced  in  Figure 
4 . 5  to  illustrate  the  comparison  between  the  tests.  Each 
of  the  Figures  4®2,  4°3>  4®4  represents  a  set  of  tests  in 
which  the  actual  maximum  amplitude  of  vibration  of  the 
specimen  was  held  constant  throughout  the  test.  Individual 


*  Checks  revealed  that  there  might  have  been  a  slight 
increase  in  the  nominal  stress  range  as  L/b  increased  from 
zero  to  0.5.  However,  if  it  existed  this  increase  was  small 
enough  that  the  strain  gauge  network  did  not  accurately  indi¬ 
cate  its  magnitude. 
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Figure  4«1  Effect  of  Fatigue  Crack  on  Nominal  Stress  Range 

test  points  at  various  crack  lengths  are  shown  to  indicate 
the  amount  of  scatter  encountered  and  the  solid  curve  is 
drawn  through  the  arithmetic  average  of  these  points. 

It  is  likely  that  a  portion  of  the  scatter  encountered 
was  due  to  variation  in  the  number  of  cycles  to  initiate  a 
crack  at  a  particular  stress  level.  Extrapolation  of  indi¬ 
vidual  test  curves  back  to  a  crack  length  of  zero  indicated 
that  this  was  true.  Figure  4»2  indicates  the  above  quite 
clearly;  with  the  exception  of  two  tests  the  rate  of  crack 
extension  appears  to  be  quite  uniform  among  the  tests,  yet 
there  is  a  significant  amount  of  scatter  present.  No  attempt 
was  made  to  eliminate  the  scatter  from  the  initiation  phase 
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Figure  4*2  Crack  Growth  for  Tests  with  Range  of  Stress 

of  -21  ksi,  Mean  Stress  of  Zero. 
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Figure  4»3  Crack  Growth  for  Tests  with  Range  of  Stress 

of  -  26  ksi,  Mean  Stress  of  Zero 
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Figure  4»4  Crack  Growth  for  Tests  with  Range  of  Stress  of 

+ 

-  35  ksi,  Mean  Stress  of  Zero 
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Figure  4*5  Average  Curves  from  Series  A  Tests 
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since  the  number  of  cycles  to  initiation  was  not  known 
exactly • 

Individual  tests  are  shown  in  Figures  4*6,  4*7 
and  4«S.  In  Figures  4.6  and  4*7  each  curve  represents 
the  average  of  the  two  cracks  which  develop  from  the  two 
notches  in  each  specimen.  The  graph  in  Figure  4*8  repre- 
sents  growth  of  individual  cracks  in  a  typical  test  at  a 
stress  range  of  ^  35  ksi. 

In  nearly  all  of  the  tests  conducted  at  the  two 
lower  ranges  of  stress,  namely  -  21  ksi  and  -  26  ksi,  the 
rate  of  extension  was  nearly  constant  until  the  crack  had 
propagated  half  way  across  the  section.  However,  tests  at 
the  higher  stress  level  characteristically  exhibited  the 
type  of  curve  shown  in  Figures  4°4  and  l+.8e  Observation 
of  the  crack  propagation  patterns  of  specimens  tested  at 
this  high  stress  level  revealed  considerable  crack  branch¬ 
ing,  In  contrast  to  this,  specimens  tested  at  a  stress 
range  of  -  26  ksi  showed  little  branching  and  those  at 
^  21  ksi  almost  none  at  all.  Having  noted  this  it  was 
decided  to  completely  fracture  several  specimens  to  examine 
the  fracture  surface. 

It  was  found  in  nearly  all  of  the  specimens  tested 
at  -  35  ksi  that  initial  fracture  occurred  on  a  surface 
normal  to  the  surface  of  the  specimen,  but  gradually  part 
of  the  fracture  surface  became  inclined  at  a  decreasing 
angle  to  the  surface  of  the  specimen.  In  all  cases  this 
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Figure  4.7  Result  of  Typical  Tests  at  -  26  ksi 
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Figure  1+.8  Growth  of  Each  Crack  in  Specimen  Tested  at 

+ 


35  ksi 
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transition  of  the  fracture  surface  occurred  either  above 
or  below  the  neutral  axis©  On  the  side  opposite  to  that 
on  which  this  transition  occurred  the  crack  proceeded  in 
the  expected  direction.  This  decreasing  inclination  of  the 
fracture  plane  caused  the  surface  crack  to  deviate  from  the 
expected  line  of  propagation  as  shown  in  the  sketch  in  Figure 
4*9*  Eventually  a  new  crack  branched  out  from  some  point 
behind  the  tip  of  the  existing  crack  and  propagated  at  an 
increased  rate  as  shown  by  the  curves  in  Figure 

In  the  particular  case  represented  in  Figure  4*8 
rotation  of  the  fracture  surface  became  noticeable  after 
each  of  the  cracks  reached  about  0.35  in.  in  length.  This 
length  corresponds  with  the  point  on  the  curves  at  which 
the  rate  of  crack  growth  started  to  decrease©  This  decrease 
continued  until  new  cracks  branched  out  and  extended  past 
the  existing  cracks  at  about  0.55  in.  for  each  of  the  cracks. 
These  points  correlated  well  in  all  of  the  specimens  investi¬ 
gated.  Of  the  fourteen  tests  conducted  at  this  stress  level, 
only  two  did  not  display  this  transition  phenomenon  to  any 
marked  extent. 

Photographs  of  the  fracture  surface  of  the  specimen 
whose  crack  growth  curves  are  presented  in  Figure  4<>8  are 
presented  in  Figures  4»10  and  4*H» 

Fracture  surfaces  of  the  specimens  tested  at  a  stress 
range  of  -  26  ksi  exhibited  the  same  characteristics  as  the 
above  but  with  less  severity.  In  these  tests  the  cracks  did 
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Figure  4*9  Crack  Propagation  Pattern  in  Tests  at  -  35  ksi 

not  rotate  through  the  large  angle  noted  in  the  previous 
test  set.  In  tests  at  the  lowest  stress  level  the  transition 
phenomenon  was  not  noticeable. 

4.2  Results  of  Series  B 

Series  B  tests  were  conducted  to  determine  the  effect 
of  mean  stress  and  range  of  stress  on  the  rate  of  fatigue 
crack  propagation.  The  first  set  of  tests  was  conducted  at 
an  initial  nominal  stress  range  of  -  21  ksi  and  zero  mean 
stress,  the  results  of  which  are  shown  in  Figure  4.12.  Fig¬ 
ures  4«13  and  4*14  represent  tests  in  which  the  range  of 
stress  was  the  same,  but  mean  stresses  of  3  ksi  and  6  ksi 
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Figure  4®10  View  of  Fracture  Surface 


Figure  4.11  Close-up  View  of  Fracture  Surface 
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respectively  were  applied.  The  final  test  set  of  this  series, 
shown  in  Figure  4»15>  was  conducted  at  a  zero  mean  stress  with 
a  range  of  stress  of  -  24  ksi.  In  all  of  these  graphs  the 
curves  shown  are  arithmetic  mean  values  and  the  points  repre¬ 
sent  results  from  individual  tests.  The  average  curves  pre¬ 
sented  in  Figures  4°10  to  4»13  are  combined  in  Figure  4®l6 
to  illustrate  the  comparison  between  the  various  tests. 

The  transition  of  the  fracture  surface  which  was 
mentioned  in  Section  4*1  was  not  noticeable  in  the  tests 
represented  by  Figure  4*12,  but  some  crack  branching  was 
noted.  In  the  set  of  tests  conducted  with  a  mean  stress  of 
3  ksi  and  a  stress  range  of  -  21  ksi  some  transition  of  the 
fracture  surface  occurred,  becoming  noticeable  for  values  of 
L/b  greater  than  0.4®  The  angle  of  inclination  of  the  frac¬ 
ture  surface  to  the  surface  of  the  specimen,  which  was 
initially  ninety  degrees,  was  not  noted  to  decrease  by  more 
than  about  ten  degrees.  In  the  tests  represented  by  Figure 
4.14  the  transition  phenomenon  was  found  with  varying 
severity.  The  transition  became  noticeable  at  a  value  of 
L/b  of  0.3  in  one  test  and  the  fracture  surface  rotated 
through  about  fifteen  degrees  before  crack  branching  occur¬ 
red,  but  in  other  tests  the  transition  was  less  noticeable. 

In  the  set  conducted  with  zero  mean  stress  and  a  stress 
range  of  -  24  ksi  some  of  the  tests  showed  appreciably  no 
rotation  of  the  fracture  surface,  while  other  tests  showed 
a  slight  transition  for  L/b  greater  than  0.6. 
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Figure  4»12  Crack  Growth  for  Tests  with  Range  of  Stress  of 

+ 

-  21  ksi.  Mean  Stress  of  Zero 
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Figure  4  •  13  Crack  Growth  for  Tests  with  Range  of  Stress  of 

-  21  ksi,  Mean  Stress  of  3  ksi 
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Figure  4-14  Crack  Growth  for  Tests  with  Range  of  Stress  of 

-  21  ksi.  Mean  Stress  of  6  ksi 


1.0 


N  (cycles) 


Figure  4-15  Crack  Growth  for  Tests  with  Range  of  Stress  of 

-  24  ksi,  Mean  Stress  of  Zero 
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Figure  4®l6  Average  Curves  from  Series  B  Tests 


(  Ctflc  go ) 
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As  found  in  Series  A,  when  transition  of  the  fracture 
surface  occurred,  it  occurred  on  only  one  side  of  the  neutral 
axi  s  • 

In  none  of  the  tests  in  Series  B  did  this  transition 
and  branching  cause  the  fluctuation  in  the  rate  of  crack 
propagation  such  as  appear  in  Figure  l+,8,  In  the  fractures 
investigated  the  decrease  of  inclination  of  the  fracture 
surface  was  not  as  large  as  that  observed  in  the  set  of 
tests  with  the  -  35  ksi  stress  range  in  Series  A. 

It  is  expected  that  the  transition  actually  did 
cause  variations  in  the  rate  of  propagation,  but  the  effect 
was  probably  small  enough  in  the  cases  presented  here  that 
it  was  masked  by  measuring  crack  length  at  sufficiently 
large  intervals. 

The  curves  in  Figures  4»12  and  4«15  have  essentially 
straight  portions  up  to  a  value  of  L/b  of  about  0,1+0,  whereas 
the  other  two  sets  of  results  show  slightly  increasing  slopes 
in  this  region.  The  influence  of  the  fatigue  crack  on  the 
applied  stress  for  this  configuration  is  shown  in  Figure  4*17* 
There  is  little  effect  up  to  L/b  equal  to  about  0,1+0° 

4.3  Discussion  of  Result s-Series  A 

The  rates  of  crack  propagation  for  various  points  on 
the  average  curves  presented  in  Figures  L+,2  to  4*4  and  Figures 
4.12  to  4.15  are  shown  in  Table  I.  The  values  in  the  second 
column  were  determined  from  the  straight  portion  of  the  curves 
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Figure  4*17  Effect  of  Crack  on  Applied  Stress  Range 

where  applicable;  otherwise  these  values  are  averages  up 
to  L/b  equal  to  0.40.  Quantities  in  the  third  and  fourth 
columns  were  determined  from  tangents  to  the  curves  at 
values  of  L/b  of  0.6  and  0.8.  In  the  case  of  the  test 
with  the  stress  range  of  -  35  ksi  the  rates  of  propagation 
were  determined  from  two  tests  which  displayed  a  minimum 
of  the  shear  transition  phenomenon  mentioned  previously, 
since  there  is  little  point  in  comparing  tests  in  which 
the  modes  of  failure  apparently  differ.  Table  I  is  divided 
into  two  parts  to  separate  tests  conducted  in  Series  A  from 
those  in  Series  B.  A  plot  of  the  rates  of  crack  propagation 
for  Series  A  tests  versus  ranges  of  stress  on  a  log-log 
graph  (Figure  4*18)  indicates  a  linear  relationship 
between  the  quantities,  with  a  slope  of  four,  on  the 


TABLE  I 
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Range  of 
Stress 

Mean 

Stress 

dL/dN 

(in . / cycle ) 

Number  of 

L/b  up  to 
0.40 

L/b=0. 60 

L/b-0 . 80 

tests 

-  21  ksi 

0  ksi 

2.7x10® 

4.0 

6.7 

14 

+ 

-  26 

0 

5.3 

6.9 

11.6 

14 

+ 

-  35 

0 

17.4 

25.0 

58.0 

2 

+ 

-  21 

0 

2.4 

3.9 

8.5 

5 

-  21 

3 

3.1 

5.4 

11.5 

4 

-  21 

6 

5.4 

8.2 

16.4 

6 

+ 

-  24 

0 

4.1 

6 . 2 

_ 

12.0 

5 

Figure  4.18  Rate  of  Crack  Propagation  Versus  Applied  Stress 

Range  Based  on  Data  from  Series  A  Tests 
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basis  of  a  curve  through  three  points*  Actually,  this  set 
of  results  could  be  presented  on  a  single  straight  line  if 
the  applied  stress  as  a  function  of  crack  length  were  accu¬ 
rately  known. 

4.3*1  Comparison  with  Head  theory 

While  measuring  crack  lengths  during  the  testing 
program  it  was  noted  that  the  size  of  the  plastic  zone  at 
the  crack  tip  appeared  to  increase  as  the  crack  extended. 

This  was  observed  visually  since  distortions  caused  by 
plastic  deformations  apparently  changed  the  reflective 
properties  of  this  zone.  Where  viewed  with  a  five  power 
magnifying  glass  the  zone  appeared  quite  distinct  from 
surrounding  material®  However,  as  no  quantitative  measure¬ 
ments  were  made,  the  exact  nature  of  this  increase  was  not 
known.  If  this  observation  was  accurate  then  this  is  a 
contradiction  of  the  theory  of  Head  as  discussed  in  Section 
2,2.1® 

In  Figure  4*19  data  from  Figure  4*3  was  used  to  plot 
L  versus  N  for  this  average  test  result.  In  plotting  this 
graph  it  was  assumed  that  the  crack  extended  to  the  edge 
of  the  test  specimen  (i.e.  the  crack  length  includes  the 
length  of  slot)  giving  a  crack  length  of  0.5  in.  at  3^,000 
cycles.  An  assumption  of  this  type  is  necessary  since  Head’s 
theory  predicts  the  rate  of  crack  growth  to  be  zero  if  the 
present  crack  length  is  zero. 
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Figure  4*19 


Figure  4»3  Replotted  According  to  Head  Theory 


Figure  4.20  Data  from  Figure  4. 3  Plotted  on  Semi-Log  Basis 
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Head’s  theory  predicts  that  the  graph  in  Figure  4=19 
should  be  a  straight  line  for  the  period  during  which  constant 
stress  cycles  were  applied  which  in  this  case  is  up  to  about 
105,000  cycles® 

4®3»2  Comparison  with  Frost  and  Dugdale  Theory 

The  average  result  of  the  tests  represented  by  Figure 
4®3  was  plotted  on  a  semi-logarithmic  scale  in  Figure  4-20. 

The  theories  proposed  by  Frost  and  Dugdale  (10)  and  Liu  (11, 
12)  predict  that  the  crack  length  increases  exponentially 
with  the  number  of  stress  cycles  for  constant  stress  range 
and  mean  stress®  These  theories  also  predict  a  zero  rate 
of  crack  growth  when  the  crack  length  is  zero,  so  that  it 
is  necessary  to  make  an  assumption  concerning  an  initial 
crack  length  such  as  that  made  in  the  previous  section  (i.e. 
it  is  assumed  that  the  crack  is  0®5  in®  in  length  after 
36,000  loading  cycles)  e  The  Frost  and  Dugdale  theory  predicts 
a  linear  relationship  in  Figure  4«20  for  N  up  to  about  105,000 
cycles  e 


4«3®3  Comparison  with  Weibull  Theory 

The  Weibull  theory  predicts  that,  for  a  fixed  range 
of  stress  and  mean  stress,  the  rate  of  crack  growth  is  con¬ 
stant  and  not  influenced  by  the  current  length  of  crack® 

It  was  found  for  the  test  configuration  used  in  Series  A 
that  the  nominal  stress  amplitude  was  constant  for  values 
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of  Wb  up  to  0*5*  For  the  tests  conducted  with  stress  ranges 
of  -  21  ksi  and  i  26  ksi  (both  with  zero  mean  stress)  the 
rate  of  crack  propagation  over  the  corresponding  period  was 
found  to  be  constant  (in  some  cases  a  small  increase  in 
growth  rate  was  noted  over  this  period)®  This  was  not  found 
to  be  true  for  the  tests  with  a  stress  range  of  -  35  ksi  (and 
zero  mean  stress)  but  in  these  tests  a  transition  of  the 
fracture  surface  occurred  (See  Section  4»l)°  This  transition 
apparently  influenced  the  rate  of  crack  growth, 

4 . 4  Discussion  of  Results-Series  B 

A  study  of  the  results  presented  in  Figure  4*16 
indicates  that  the  value  of  the  mean  stress  does  influence 
the  rate  of  crack  propagation. 

In  three  of  the  test  sets  the  range  of  stress  was 
equal,  but  varying  values  of  mean  stress  were  applied.  The 
results  indicate  an  increasing  rate  of  crack  growth  for  an 
increasing  mean  stress.  Extrapolation  of  the  curves  back 
to  L/b  =  0  indicates  that  the  mean  stress  may  not  have  in¬ 
fluenced  the  number  of  cycles  to  initiation.  On  the  other 
hand,  two  of  the  test  sets  initially  had  the  same  peak  stress 
of  -  24  ksi.  However,  the  rate  of  crack  propagation  for  the 
set  with  a  mean  stress  of  zero  was  higher  throughout  most  of 
the  life  of  the  specimen,  even  though  the  other  set  actually 
had  an  increasing  peak  stress.  This  indicates  that  the  range 
of  stress  may  be  a  more  important  factor  in  determining  the 
rate  of  crack  growth  than  is  the  mean  stress. 
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The  test  results  indicate  that  the  dependence  of  the 

rate  of  crack  growth  on  the  applied  stress  may  be  represented 

Th  _ 

by  a  factor  N s ,  where  V  is  the  applied  stress  range,  Ng  is  a 
constant  for  a  given  range  of  stress,  and  n  is  a  material 
constant.  This  type  of  dependence  has  also  been  suggested 
by  Frost  and  Dugdale  (9),  Liu  (12,15)  and  Weibull  (18). 

In  Series  B  of  the  investigation,  in  which  the 
specimens  were  tested  in  a  fixed-end  configuration,  it  was 
found  that  the  bending  moment  at  the  test  section  was  constant 
as  long  as  the  combined  crack  length  was  less  than  about  40 
per  cent  of  the  specimen  width.  Over  this  range  tests  con¬ 
ducted  with  a  zero  mean  stress  (Figures  4*12  and  4*15)  had 
a  constant  rate  of  crack  extension.  For  the  tests  in  which 
the  mean  stress  was  not  zero  the  rate  of  crack  extension 
increased  slightly  over  this  range,  but  this  can  be  attri¬ 
buted  to  the  fact  that  there  was  an  increasing  mean  stress, 
i.e.  an  increasing  peak  stress,  since  the  total  axial  load 
on  the  specimen  was  constant. 

4«5  Further  Observations 

1,  It  was  previously  mentioned  that  it  is  thought  that 

a  fatigue  crack  grows  in  a  series  of  steps  rather  than  in 
a  continuous  manner  (Section  2,1).  In  one  of  the  tests 
conducted  using  the  fixed-end  configuration  with  a  range 
of  stress  of  -  24  ksi,  increases  in  crack  length  of  the 
order  of  0.010  in.  were  measured  in  500  cycles  of  loading. 
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It  was  believed  that  this  indicated  that  the  process  could 
be  regarded  as  continuous  for  the  purpose  of  presentation 
of  results,  since  in  this  case  the  specimen  life  was  about 
200,000  cycles. 

2,  At  no  time  during  the  testing  program  did  the  situa¬ 

tion  arise  where  a  crack  did  not  propagate  from  a  notch  but 
occasionally  it  was  observed  that  more  than  one  crack  formed 
at  a  notch,  only  one  of  which  propagated.  This  lack  of  non¬ 
propagating  cracks  was  likely  due  to  the  rather  high  stress 
levels  involved.  As  previously  mentioned,  a  considerable 
amount  of  crack  branching  was  observed,  occurring  more  often 
at  high  stress  levels,  but  formation  of  a  new  crack  ahead  of 
an  existing  crack  was  rarely  observed,  except  occasionally 
near  the  end  of  the  specimen  life. 

3«  It  seems  reasonable  that  the  rate  of  crack  propagation 

is  defined  by  the  actual  stress  existing  in  the  region  of  the 
crack  tip.  Then,  considering  a  test  specimen  subjected  to 
a  constant  nominal  stress  based  on  the  remaining  area,  the 
rate  of  crack  propagation  will  be  constant  if  the  stress 
concentration  factor  is  constant.  On  the  other  hand,  if 
this  factor  increases  in  proportion  to  the  crack  length, 
then  the  crack  length  can  be  expected  to  increase  exponen¬ 
tially  with  the  number  of  applied  stress  cycles.  Evidently, 
however,  the  above  conclusion  means  that  there  are  any 
number  of  other  possibilities;  e.g.  the  stress  concentration 
factor  could  increase  in  proportion  to  some  power  of  the 
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crack  length.  The  present  investigation  appears  to  support 
the  constant  stress  concentration  factor. 

4 .  It  was  mentioned  in  Section  1.5  that  fatigue  cracks 
generally  propagate  in  a  t ran s-granular  manner.  Metallurgi¬ 
cal  specimens  containing  fatigue  cracks  from  test  specimens 
were  prepared  to  find  whether  this  occurred  in  the  low- 
carbon  mild  steel  tested.  Microscopic  inspection  revealed 
that  the  propagation  was  mainly  inter-granular  (See  Figure 
4»2l),  although  a  few  exceptions  were  noted.  It  is  specu¬ 
lated  that  this  was  due  to  the  existence  of  iron  carbide  on 
the  grain  boundaries  which  caused  the  boundaries  to  be  more 
vulnerable  to  fatigue  damage  than  the  grains. 

5.  In  Section  2.3  it  was  stated  that  the  crack  length 
was  expected  to  decrease  from  the  specimen  surface  toward 
the  neutral  axis.  Inspection  of  fatigued  specimens  which 
contained  dye -penetrant  stains  confirmed  this  suggestion. 
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Figure  4«21  Photograph  Showing  Intergranular  Nature  of 

Crack  Propagation  (x70) 
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CHAPTER  V 


CONCLUSIONS  AND  RECOMMENDATIONS 

5«1  Conclusions 

In  a  recent  publication,  Paris  and  Erdogan  (18) 
pointed  out  the  dangers  involved  in  drawing  conclusions 
from  a  limited  amount  of  data  on  fatigue  crack  propagation. 
They  showed  that  some  arbitrarily  selected  measurements  of 
fatigue  crack  growth  apparently  confirmed  different  theories 
of  crack  propagation.  Heeding  this  warning,  the  following 
conclusions  were  reached. 

The  tests  conducted  in  Series  A  of  the  investigation 
indicated  that  the  rate  of  crack  extension  was  proportional 
to  the  fourth  power  of  the  nominal  stress  range,  although 
this  is  based  on  very  limited  data.  From  tests  of  axially 
loaded  mild  steel  specimens  Frost  and  Dugdale  (10)  suggested 
this  index  should  be  three,  while  Paris  and  Erdogan  (13,18) 
suggested  a  value  of  four  for  aluminum. 

Test  Series  B  showed  that  the  rate  of  crack  growth 
was  affected  by  the  value  of  the  mean  stress  for  the  partic¬ 
ular  type  of  tests  conducted.  Frost  and  Dugdale  (10)  found 
that  the  mean  stress  did  not  affect  the  crack  extension  in 
mild  steel,  but  did  in  aluminum.  It  does  not  seem  possible 
that  the  value  of  the  mean  stress  could  have  no  affect  on  the 
rate  of  crack  growth  for  all  values  of  mean  stress,  as  dis¬ 
cussed  in  Section  2.5«  The  Series  B  tests  also  suggested  that 
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the  range  of  stress  may  be  more  important  in  determining 
the  rate  of  crack  growth  than  the  mean  stress.  No  quanti¬ 
tative  conclusions  could  be  reached  since  the  mean  stress 
was  not  constant  in  the  tests. 

Results  of  the  present  investigation  appear  to 
agree  with  the  Weibull  theory  of  crack  propagation  insofar 
as  this  theory  predicts  a  constant  rate  of  crack  growth 
under  a  constant  nominal  stress  range  and  mean  stress.  The 
results  suggest  that,  for  the  problem  investigated,  the  rate 
of  crack  growth  is  given  by 

dL  =  JZ 
dN  N 

s 

where  n  =  4  and,  determined  from  tests  in  Series  A  with 

4  9 

zero  mean  stress,  Ng  =  0*086  kips  -cycles/in  •  ' 

Due  to  insufficient  data,  no  definite  conclusions 
could  be  reached  regarding  the  transition  of  the  fracture 
surface  which  was  discussed  in  Chapter  IV,  It  is  believed 
that  the  phenomenon  was  caused  by  transverse  shearing  stresses 
which  changed  the  directions  of  the  principal  stresses.  These 
shearing  stresses  could  have  been  due  to  the  nature  of  the 
loading  or  could  have  been  caused  by  constraint  of  plastic 
deformation  set  up  by  fibres  adjacent  to  the  plastic  zone. 

It  appeared  that  the  transition  and  branching  increased  in 
severity  with  increases  in  the  maximum  stress. 
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5®2  Summary  of  Conclusions 

1  <.  Results  of  the  tests  conducted  were  in  agreement 

with  the  Weibull  theory  of  crack  propagation;  for  constant 
stress  range  and  mean  stress  the  rate  of  crack  growth  was 
c onstant » 

2 e  For  these  tests  it  appeared  that  the  rate  of  crack 

growth  was  proportional  to  the  fourth  power  of  the  range 
of  applied  stress® 

3o  Test  Series  B  revealed  that  the  value  of  the  mean 

stress  did  influence  the  rate  of  crack  extension  but 

indicated  that  the  range  of  stress  was  more  influential 

in  determining  this  rate  than  was  the  mean  stress® 

4»  The  gradual  rotation  of  the  fracture  surface  which 

was  noted  in  tests  at  the  higher  levels  of  stress  was 

apparently  caused  by  a  transverse  shear  stress^ 

3  ®  For  the  tests  conducted  it  was  found  that  the  rate 

of  crack  propagation  could  be  predicted  by 

dJL  “ 
dN  N 

O 

In  this  expression,  T  is  the  stress  range,  n  is  a  material 

constant,  and  N_  is  a  constant  depending  on  the  mean  stress® 

s 

5®3  Recommendations 

It  is  desirable  that  more  of  the  Series  A  tests 
be  conducted  at  stress  levels  different  from  those  in  this 
investigation®  Each  curve  in  Figure  4«18  was  drawn  through 


. 


68 


only  three  points  and,  although  this  indicated  that  the 

rate  of  crack  growth  depended  on  the  fourth  powe r  of  the 
stress  range,  it  was  not  conclusive. 

Testing  of  wider  specimens  under  the  same  conditions 
would  indicate  whether  the  rate  of  crack  propagation  is 
dependent  on  specimen  width,  as  proposed  by  Weibull  (16). 
These  tests  would  also  serve  as  a  further  check  on  the 
propagation  theory. 

The  test  Series  B  was  not  satisfactory  to  quanti¬ 
tatively  study  the  effect  of  mean  stress  on  the  rate  of 
crack  growth  due  to  the  increasing  mean  stress.  A  test 
should  be  devised  in  which  both  mean  stress  and  stress 
range  can  be  held  constant  in  order  to  study  this  effect. 

Practical  Applications 

Results  presented  in  Chapter  IV  indicate  that  a 
fatigue  crack  can  be  initiated  quite  early  in  the  life 
of  a  specimen;  thus,  detection  of  a  crack  in  a  machine 
part  does  not  necessarily  mean  that  complete  failure  is 
imminent.  In  members  in  which  a  crack  is  caused  by 
resonant  vibration  the  crack  could  cover  a  large  portion 
(easily  greater  than  60  per  cent)  of  the  gross  area  before 
"tuning-out n  of  the  part  occurs  (see  Appendix  B)  so  that 
this  effect  may  not  protect  the  part  from  serious  damage. 
Any  observed  changes  in  amplitude  of  resonant  vibration  of 
a  member  would  likely  indicate  the  presence  of  a  fatigue 
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crack  if  the  driving  force  is  constant. 

Positive  mean  stresses  cause  large  increases  in 
the  rate  of  crack  growth  near  the  end  of  the  life  of  a 
specimen.  From  this  point  of  view  it  is  more  desirable 
to  have  a  zero  or  negative  mean  stress. 

Large  stress  amplitudes  applied  to  parts  in  service 
should  be  avoided  since  fatigue  crack  growth  appears  to 
be  proportional  to  a  power  of  the  range  of  applied  stress. 
A  small  increase  in  the  amplitude  could  cause  a  large 
increase  in  the  rate  of  growth  of  an  existing  crack. 
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APPENDIX  A 


TWO-STEP  TESTS 

A  series  of  tests  was  conducted  in  which  cracks 
were  propagated  to  some  selected  value  of  L/b  at  a  specific 
stress  level  and  then  the  stress  level  was  changed  to  some 
other  value.  The  aim  was  to  determine  the  effect  of  pre¬ 
stressing  on  the  rate  of  crack  growth  at  the  second  stress 
range  (all  tests  had  zero  mean  stress)  and  also  to  observe 
any  delay  in  crack  growth  which  might  have  occurred  immedi¬ 
ately  following  the  change  in  the  stress.  Tests  in  which 
the  second  level  of  stress  was  greater  than  the  first  will 
be  referred  to  as  low-high  tests;  tests  in  which  the  second 
level  was  smaller  than  the  first  will  be  termed  high-low 
tests  . 

Hudson  and  Hardrath  (15)  measured  crack  growth  in 
axially  loaded  aluminum  alloy  specimens  which  were  subjected 
to  a  single  step  in  the  loading  program.  It  was  found  from 
a  series  of  low-high  tests  that  the  rate  of  crack  growth 
for  both  parts  of  the  test  was  equal  to  that  expected  from 
corresponding  portions  of  constant  amplitude  tests.  However, 
when  the  second  stress  was  less  than  the  first  (high-low  tests) 
significant  delays  in  crack  growth  were  noted  immediately 
after  the  change  in  stress  level,  if  the  decrement  of  stress 
was  sufficiently  large.  Hudson  and  Hardrath  attributed  this 
to  residual  compressive  stresses  in  the  region  of  the  crack 
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tip  caused  by  the  high  stress.  It  was  also  observed 
that,  once  crack  extension  was  resumed,  it  occurred  at 
a  rate  equal  to  that  for  tests  at  a  constant  amplitude 
at  this  second  stress. 

Test  Procedure 

The  tests  were  conducted  using  the  cantilever  test 
configuration  previously  used  for  Series  A  tests®  Thus, 
in  all  tests  the  mean  stress  was  zero.  The  apparatus  and 
procedure  were  identical  to  those  for  the  Series  A  tests 
except  that  a  discrete  step  in  the  range  of  stress  was 
made  at  an  arbitrarily  selected  value  of  L/b  of  0®3® 

All  of  the  curves  presented  in  this  section  show 
the  average  crack  growth  found  for  the  second  level  of 
stress® 

High-Low  Tests 

Figure  A.l  presents  measured  crack  growth  based 

on  four  tests  in  which  the  initial  nominal  stress  range 

was  -  26  ksi  and  the  second  was  -  21  ksi.  The  dashed 

curve  in  the  graph  is  the  portion  of  Figure  4*2  for  L/b 

greater  than  0.3®  When  conducting  this  set  of  tests  it 

was  found  that  increases  in  crack  length  could  be  measured 

in  4>000  cycles  after  the  change  in  stress  level®  Since 

the  remaining  life  of  these  specimens  at  the  time  of  the 

c 

change  in  stress  range  was  about  1,6  x  10  cycles,  it  was 
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concluded  that  no  significant  delay  in  crack  growth 
occurred . 

_  +  _  + 

In  a  two-step  test  with  r,  =  -  35  ksi  and  -  21 
ksi  it  was  found  that  increases  in  the  length  of  the  crack 
could  be  measured  in  2,000  cycles  after  the  change  in  load¬ 
ing.  As  the  remaining  life  would  be  of  the  same  order  as 
that  in  the  previous  test  set,  it  was  once  again  concluded 
that  no  significant  delay  in  propagation  occurred. 

On  the  basis  of  these  tests  it  appeared  that  the 
delay  in  crack  growth  noted  by  Hudson  and  Hardrath  would 
occur  only  for  very  large  decrements  of  stress. 

Low-High  Tests 

Results  of  the  low-high  tests  conducted  are  shown 
in  Figure  A. 2  and  A.3»  In  the  tests  shown  in  the  former, 
the  initial  stress  range  was  -  26  ksi,  followed  by  an 
increase  to  -  35  ksi.  Although  there  had  been  a  wide 
range  of  scatter  encountered  in  the  constant  amplitude 
test  at  -  35  ksi,  the  results  indicate  that  the  rate  of 
crack  growth  may  have  been  greater  in  the  two  step  test 
than  in  the  corresponding  portion  of  the  constant  amplitude 
test . 

The  fracture  surface  in  the  high  stress  portion  of 
these  tests  did  not  display  the  transition  phenomenon 
encountered  in  the  single  level  tests.  It  was  noted  previ¬ 
ously  that  this  effect  tended  to  cause  decreases  in  the  rate 
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Figure  A*1  Results  of  Two  Step  Tests  with  -  26  ksi, 

^T=  ±  21  ksi 
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and  li>  =  -  3  5  ksi 
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of  crack  growths  This  observation  may  explain  the 
apparently  greater  rate  of  crack  growth  in  the  second 
part  of  these  low-high  tests  as  compared  to  the  single 
level  test  at  -  35  ksi. 

In  the  tests  shown  in  Figure  A. 3  the  crack  was 
propagated  initially  at  -  21  ksi  followed  by  a  high 
stress  of  -  26  ksi®  As  only  two  tests  were  run,  indi¬ 
vidual  curves  are  shown  along  with  the  corresponding 
portion  of  the  single  stress  level  test. 

The  two  tests  exhibited  a  greater  rate  of  growth 
than  that  from  the  average  of  the  constant  amplitude  tests; 
in  fact,  both  of  the  tests  had  a  greater  rate  of  growth  than 
any  of  the  single  level  tests. 

The  results  of  the  low-high  tests  conducted  indicate 
that  the  rate  of  crack  propagation  in  the  high  stress 
portion  may  be  greater  than  that  for  the  corresponding 
portion  of  the  single  level  test®  Jacoby  (20)  stated 
that  other  experimenters  have  found  this  result  also,  but 
he  did  not  give  details  nor  specific  references.  In  the 
tests  conducted  here  this  increased  rate  of  extension  might 
have  been  related  to  the  fracture  surface  transition  noted 
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APPENDIX  B 


EFFECT  OF  LENGTH  OF  FATIGUE  CRACK  ON  NATURAL  FREQUENCY 

Since  the  existence  of  a  fatigue  crack  causes  a 
reduction  in  the  bending  stiffness  of  a  beam  it  is  to  be 
expected  that  the  natural  frequencies  of  the  beam  decrease. 
This  was  found  to  be  true  during  the  course  of  the  testing 
program,  when  it  was  necessary  to  continuously  decrease 
the  shaker  frequency  in  order  to  maintain  the  beam  in  its 
fundamental  mode . 

In  order  to  quantitat ively  check  this  effect,  a 

typical  test  specimen  in  the  cantilever  configuration  was 

instrumented  with  bonded  electrical  resistance  strain 

gauges  to  read  dynamic  bending  strains.  The  bridge  output 

was  read  on  a  Sanborn*"'  recorder  from  which  it  was  possible 

+  •, 

to  determine  frequencies  to  within  about  -  %  cps.  The 
value  of  the  fundamental  natural  frequency  of  the  beam  was 
determined  at  any  time  by  deflecting  the  beam  statically, 
then  releasing  it  and  measuring  the  resulting  response  on 
the  recorder. 

After  taking  an  initial  reading  with  a  crack  length 
of  zero,  a  crack  was  initiated  and  propagated  at  a  stress 
range  of  -  26  ksi.  At  intervals  during  the  test  the  loading 
was  interrupted  and  measurements  of  crack  length  and  natural 

*  Dual  Channel  Carrier-Amplifier  Recorder  Model  321 
manufactured  by  Sanborn  Co. 


' 

oneupd-.t  to**  l< 


,  ~i L&'tiS i sfl  JLa  .  r 


. 


DECREASE  IN  NATURAL  FREQUENCY 
ORIGINAL  NATURAL  FREQUENCY^ 


80 


Figure  B.l  Effect  of  Crack  Length  on  Natural  Frequency 
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frequency  taken.  In  this  way  the  curve  shown  in  Figure 
B.l  was  obtained,  where  the  results  are  presented  in  a 
dimensionless  form. 

It  is  interesting  to  note  that  when  the  original 
net  area  had  been  reduced  by  50  per  cent  the  decrease  in 
natural  frequency  was  only  about  7  per  cent  of  the  original 
value.  The  natural  frequency  actually  decreased  rather 
slowly  until  L/b  reached  a  value  of  about  0.8. 

The  fact  that  a  fatigue  crack  reduces  the  natural 
frequency  could  reduce  the  damage  suffered  by  a  member 
where  resonant  vibrations  are  caused  by  a  forcing  function 
of  a  constant  frequency.  The  part  could  effectively  become 
"tuned-out",  as  the  amplitudes  would  become  sufficiently 
small  to  cause  no  further  crack  propagation.  For  example, 
this  situation  might  be  expected  to  arise  in  turbine  blad¬ 
ing.  However,  it  is  noted  above  that  the  decrease  in 
natural  frequency  is  small  even  for  rather  large  lengths 
of  crack,  so  that  serious  damage  could  be  suffered  by  a 
member  before  this  tuning-out  occurred,  especially  if  the 
response  curve  of  the  part  is  not  particularly  narrow. 
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APPENDIX  C 


DESCRIPTION  OF  TEST  EQUIPMENT 
Vibration  Testing  System 

The  vibration  testing  system  employed  throughout 
the  test  program  was  composed  of  an  electrodynamic 
shaker  and  related  equipment  manufactured  by  the  Unholtz- 
Dickie  Corporation®  A  schematic  diagram  of  the  system  is 
shown  in  Figure  C.l, 

The  shaker  itself  was  composed  of  an  armature 
containing  coils  which  carried  an  A.C.  current,  mounted 
inside  of  a  D.C.  field  of  fixed  strength.  The  alternating 
current  in  the  armature  caused  a  cyclic  force  of  the  same 
frequency  to  be  set  up  in  the  armature.  The  magnitude  of 
this  force  was  controlled  by  a  gain  adjustment  on  the 
power  amplifier,  while  the  frequency  was  the  same  as  that 
of  the  controlling  oscillator. 

Adjustment  of  the  power  amplifier  gain  and  the 
oscillator  gave  any  desired  acceleration, velocity  or 
displacement  of  the  shaker  table  at  any  frequency,  within 
the  limits  of  the  machine.  The  armature,  which  was  spring 
mounted  to  the  shaker  base,  was  capable  of  generating  a 
peak  force  of  225  lbs  .  Thus,  the  maximum  acceleration 
obtainable  at  any  frequency  depended  on  the  combined  mass 
of  the  armature  and  the  mass  carried  by  the  table. 
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Figure  C.l  Schematic  Diagram  of  Vibration  Testing  System 


* 
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the  maximum  force  of  the  system  was  approached  there  was 
a  danger  that  the  amplifer  output,  which  was  normally  a 
sine  wave,  would  become  distorted.  Although  the  limits  of 
the  machine  were  not  approached  in  the  tests  conducted, 
the  amplifier  output  wave  form  was  monitored  on  an 
oscilloscope  as  a  check.  No  distortion  of  the  output 
was  noted. 

The  controlling  oscillator  allowed  a  range  of 
frequencies  from  5  to  60,000  cps.  The  test  Series  A 
was  conducted  at  a  frequency  of  about  60  cps  while  Series 
B  was  conducted  at  100-120  cps. 

An  accelerometer  mounted  on  the  shaker  table 
allowed  the  table  acceleration  to  be  monitored  as  tests 
were  conducted.  Knowing  this  value  and  the  frequency  of 
vibration  the  table  displacement  at  any  time  could  be 
checked.  In  the  testing  performed  it  was  desirable  to 
keep  the  double  amplitude  of  vibration  of  the  table  to 
less  than  0.20  in.  so  that  little  error  was  introduced 
in  measuring  the  amplitude  of  the  end  (or  centre)  of  a 
test  specimen.  It  was  found  that  the  table  amplitude 
did  not  exceed  this  value. 

In  conducting  tests,  the  desired  range  of  stress 
was  obtained  by  setting  the  oscillator  frequency  at  the 
natural  frequency  of  the  test  specimen  (by  visual  observa¬ 
tion)  and  then  adjusting  the  amplifier  gain  to  obtain  the 
proper  amplitude  of  vibration  of  the  test  specimen. 
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Slip-Sync  System 

It  was  necessary  to  use  a  stroboscopic  light  when 
observing  the  amplitude  of  vibration  of  a  test  specimen  so 
that  the  motion  could  be  stopped  at  any  time.  For  this 
purpose  a  device  known  under  the  trade  name  of  "Slip-Sync"'* 
was  used.  This  is  a  frequency  sensitive  device  which 
monitors  some  signal  and  outputs  a  signal  to  a  strobe 
light  at  the  same  frequency  as  the  monitored  signal. 

In  the  test  set-up  used  in  this  investigation  the  oscilla¬ 
tor  output  signal  was  monitored  by  this  device,  so  that 
the  strobe  light  automatically  operated  at  the  same  fre¬ 
quency  as  that  of  the  test  specimen. 

The  Slip-Sync  also  included  a  means  to  manually 
adjust  the  phase  angle  between  the  strobe  light  and  the 
test  specimen  motion.  This  adjustment  allowed  viewing  of 
the  test  specimen  in  any  desired  deflected  position. 
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Manufactured  by  Chadwick-Helmuth  Co 
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